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Abstract

Background and Aims: The gut microbiota plays an important role in the metabolization and
modulation of several types of drugs. With this study we aimed to review the literature relating
to microbial drug metabolism of medication prescribed in inflammatory bowel disease [IBD]
practice.

Methods: A systematic literature search was performed in Embase and PubMed from inception
to October 2019. The search was conducted with predefined MeSH/Emtree and text terms. All
studies regarding drug metabolism by microbiota of medication prescribed in IBD practice
were eligible. A total of 1018 records were encountered and 89 articles were selected for full
text reading.

Results: Intestinal bacterial metabolism or modulation is of influence in four specific drugs
used in IBD (mesalazines, methotrexate, glucocorticoids and thioguanine). The gut microbiota
cleaves the azo-bond of sulfasalazine, balsalazide and olsalazine and releases the active moiety
5-aminosalicylic acid. It has an impact on the metabolization and potentially on the response of
methotrexate therapy. In particular, thioguanine can be converted by intestinal bacteria into the
pharmacologically active 6-thioguanine nucleotides without the requirement of host metabolism.
Glucocorticoid compounds can be prone to bacterial degradation.

Conclusion: The human intestinal microbiota can have a major impact on drug metabolism and
efficacy of medication prescribed in IBD practice. A better understanding of these interactions
between microbiota and drugs is needed and should be an integral part of the drug development
pathway of new IBD medication.
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1. Introduction

The microbiome refers to the collection of genomes from all the micro-
organisms in the environment. Microbiota, on the other hand, usu-
ally refers to specific microorganisms [e.g. bacteria, viruses and fungi]
that are found within a specific environment, leading to localized dif-
ferences in the microbiota of each person, depending on where in the
body the microbiota is collected from. The human gut microbiome is a
complex, dense and diverse microbial community. It has an estimated

composition of more than five million unique genes and more than 100
trillion cells.! Despite this diversity, the gut microbes are mainly dis-
tributed in four bacterial phyla, namely Actinobacteria, Bacteroidetes,
Firmicutes and Proteobacteria.? The gut microbiota plays an important
role in many aspects of human health, including metabolic, immune and
neurobehavioural traits, but is also an important drug target.?

The gut microbiota can activate, inactivate or make a drug toxic.
It can affect drug metabolism directly through biotransformation,
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which is the conversion of organic compounds into other chemical
forms or metabolites and can be aided by microorganisms.* The
most common mechanisms of gut microbiota drug metabolism are
hydrolytic and reductive reactions. In addition, many other chem-
ical reactions including acetylation, deamination, dehydroxylation,
decarboxylation, demetylation, deconjugation and proteolyse have
been reported.’ Besides biotransforming medication, the gut micro-
biota can control the efficacy of medication indirectly by altering the
host metabolism and producing metabolites that compete with the
drug receptor.’

The importance of the interaction between microbiota and medi-
cation was observed in 1993 when soriduvine was introduced to the
Japanese market as a drug for the treatment of varicella-zoster virus
infection. Within 40 days after introduction 18 people died after they
were co-administrated with soriduvine next to oral 5S-fluouracil, an
anti-cancer drug. Later it was discovered that soriduvine was trans-
formed by gut microbiota into (E)-5-(2-bromovinyl)uracil, which in-
hibits the metabolism of 5-fluorouracil leading to toxic levels of this
particular drug.® This drug-drug interaction underlined the import-
ance of studying drug metabolism by the gut microbiota.

Besides these possible toxic effects, the gut microbiota can also
be used to activate or enhance the efficacy of medication, i.e trans-
forming pro-drugs to active drugs. One example of this mechanism
is demonstrated in lactulose therapy. This drug is hydrolysed by in-
testinal bacteria to form acetic and lactic acid, which lower the pH
in the gastrointestinal tract. Due to the lower pH ammonia and other
amines become protonated and tend to be excreted in the faeces,
leading to the laxative effect of lactulose and its use as a treatment
for hyperammonia and hepatic encephalopathy.”*

In recent years extensive research has been conducted regarding
the role of the microbiome in the pathogenesis of inflammatory
bowel disease [IBD] and the therapeutic potential of gut micro-
biota in treating IBD, including faecal microbiota transplantation.?
Less attention has been paid to the role of gut microbiota in the
metabolization and modulation of several drugs given for IBD. In
this review we aim to describe the role of microbial drug metabolism
in IBD and thus the potential for targeted IBD therapy.

2. Methods

A systematic electronic literature search was performed by using
the Embase and PubMed electronic databases to collect publi-
cations before October 2019. The search was performed using a
combination of the following MeSH/Emtree and text terms with
asterisks[*]| where applicable: ‘Inflammatory bowel disease, Crohn’s
disease, ulcerative colitis, gastrointestinal microbiome, microflora,
metagenome, microbiota, bacteria, pharmacokinetics, biotrans-
formation, activation, inactivation, metabolism, prodrugs, conver-
sion, toxicity, efficacy and drug microbiome interaction’. The whole
search was combined with generic and branded names for medica-
tion given for IBD [Supplementary data 1]. The search was not re-
stricted exclusively to human subjects to gather all available studies
with regard to this topic. The reference lists of identified papers were
checked to find additional relevant studies missed during the ori-
ginal search. Any original full article or conference abstract written
in Dutch or English was eligible and there was no restriction in terms
of publication date. Non-original articles, case reports, duplicates
and articles written in a language other than Dutch or English were
excluded from this review.

After the search, the collected literature was screened on title
and abstract by the first and last author [EC. and N.dB.] for

eligibility for full text evaluation. Disagreements regarding study
eligibility was resolved by consensus between the first and last au-
thor [EC. and N.d.B.]. The same process was used for the full text
screening. Studies were included if they reported outcomes on drug
metabolism by microbiota even if this metabolism was observed in
subjects without IBD but with medication regularly prescribed in
IBD practice. When studies reported the use of coating compounds
for delayed release, such as polysaccharide, they were not considered
a true microbiota-activated delivery system and were therefore ex-
cluded. Furthermore studies that described the effect of medication
on the microbiome itself were not eligible. Studies regarding micro-
bial drug metabolization of experimental IBD medication or studies
of probiotics were excluded as well.

2.1. Results

The search strategy yielded 1018 articles which were screened for
eligibility. After removing duplicates 937 articles were screened on
title and abstract. The 89 selected full text articles described four
specific drugs used to treat patients with IBD. The selection process is
depicted in Figure 1. A consensus for eligibility was reached between
the two independent reviewers in all selection stages.

3. Microbial drug metabolism in IBD

3.1. Sulfasalazine

Sulfasalazine, discovered in the 1940s, is a drug consisting of an
anti-inflammatory moiety [salicylic acid] linked to the antimicrobial
drug [sulfanomide].” Sulfasalazine was made by linking sulfapyri-
dine [a sulfanomide molecule] to S-aminosalicylic acid [5-ASA] by
diazo-coupling. Sulfasalazine was initially developed for the treat-
ment of inflammatory conditions that were believed to be of bac-
terial origin, but it was later found to be beneficial for the treatment
of ulcerative colitis [UC].”

Sulfasalazine has limited absorption in the upper intestine, but in
the colon a reduction of the diazo-bond occurs with the aid of diazo-
reductase enzymes produced by the intestinal microbiota in the
colon. After this cleavage, 5-ASA and sulfapyridine become available
for systemic absorption; the former is a topical active drug while
the latter is not [Figure 2].%1° 5-ASA is effective in UC as it induces
anti-inflammatory effects by inhibiting pro-inflammatory mediators,
and sulfapyridine acts primarily as an inactive carrier molecule."
The pharmacological actions of 5-ASA are not fully understood
but studies have shown that its anti-inflammatory action occurs by
targeting peroxisome proliferator-activated receptor-y, as well as
modulating multiple cellular metabolism activities.'?

This cleavage of the diazo-bond by gut flora was first described in
rats by Peppercorn and Goldman in 1972."° They demonstrated that
antibiotic-treated or germ-free rats on sulfasalazine had unchanged
sulfasalazine in their caecum and faeces, in contrast to the excreta of
normal rats which did not contain unchanged sulfasalazine. When
germ-free rats were infected with four specific bacteria normally
found in the gastrointestinal tract, sulfasalazine was metabolized as
in normal rats and no unchanged sulfasalazine was detected in their
excreta. This cleavage of the diazo-bond was also detected when
bacterial strains, representative of those found in the intestinal tract
of humans, were cultured in the presence of sulfasalazine.'* In add-
ition, Schroder and Campbell showed in a pharmacokinetic study in
healthy human volunteers a very small amount of renally excreted
parent drug and no faecal excretion.'* These findings indicate that
intestinal bacteria are essential for activating this drug and also
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Figure 2. Cleavage of sulfasalazine by bacterial diazo-reductase.

in part explain why sulfasalazine appears to be more effective in
UC than in Crohn’s disease [CD]. The latter can be localized in the
whole gastrointestinal tract and is not limited to the colonic region,
which is consistent with the drug being more effective when the

5-Aminosalicylic acid (5-ASA)

intestinal inflammation is in a region where bacterial breakdown is
more likely to occur.!® Various species of bacteria are involved in the
secretion of diazo-reductase in the human large intestine, but the
largest amount is produced by the anaerobic genus Clostridium."
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Multiple in vitro studies have confirmed that the genus Clostridium
produces the highest amount of diazo-reductase but also showed
that bacteria from all the main bacterial phyla are able to metab-
olize sulfasalazine.!>1516

The intestinal metabolism of sulfasalazine can be increased by
co-administration with probiotics. An iz vitro study showed that
after anaerobic incubation of rat colon contents with sulfasalazine or
sulfasalazine with probiotics [freeze-dried cultures of Lactobacillus
acidophilus, Bifidobacterium lactus and Lactobacillus rhamonus] a
higher concentration of 5-ASA and sulfapyridine was recovered in
the latter.'” This suggests that these probiotic species possess diazo-
reductase activity.!”

Interestingly, the intestinal metabolism of sulfasalazine can be
hampered by co-administration with cholestyramine, a bile acid
sequestrant which can be used to treat bile acid diarrhoea in pa-
tients with [extensive] ileal CD or after a surgical ileocaecal re-
section. Rats treated with this combination had a higher faecal
extraction of intact sulfasalazine compared to controls, sug-
gesting a cholestyramine-induced inhibition of intestinal sulfa-
salazine metabolism.!® There are many possible explanations for
this finding, but the most plausible is the occurrence of a direct
cholestyramine—sulfasalazine interaction which leads to a less ac-
cessible sulfasalazine diazo-bond for bacterial diazo-reductase.'
The results of the study by Pieniaszek and Bates suggest that
co-administration of cholestyramine and sulfasalazine could
cause a significant reduction in the absorption and metabolism of
the latter, resulting in a diminished efficacy of sulfasalazine due
to an incomplete bacterial metabolism.' Gastrointestinal transit
time is also important for complete bacterial metabolism of sulfa-
salazine, as patients with medication-induced diarrhoea had an
increased 72-h faecal recovery of unsplit sulfasalazine from 0.5%
to 45.4%.Y The importance of contact duration with microbiota
for sulfasalazine metabolization was confirmed by an in vitro
study which, after incubation in human faecal contents, dem-
onstrated a gradual decrease of sulfasalazine and an increase of
5-ASA with time. In the absence of faecal material, sulfasalazine
remained stable during the experiment.?

Although sulfasalazine is an effective and low-cost treatment
for UG, it has lost popularity as up to 30% of patients experience
unwanted effects such as nausea, skin rash or anorexia, which
seem to be related to the circulating sulfapyridine.?' To reduce
these side effects some studies have used sulfasalazine retention
enemas leading to a significant endoscopic and histological im-
provement compared to placebo without the occurrence of known
side effects, even in patients who had previously experienced
sulfasalazine hypersensitivity.?? It was demonstrated that after
rectal admission of sulfasalazine patients had reduced plasma
levels of sulfapyridine, suggesting that this may be one reason for
the lowered frequency of undesired effects.?>?* Although plasma
5-ASA levels were not measured after rectal admission of sulfa-
salazine, a reduction of these levels seems unlikely to hamper the
efficacy because the mode of action of 5-ASA seems to be topically
rather than systemically.?*

3.2. Different diazo-bonded mesalazine pro-drugs
When administered orally, 5-ASA undergoes rapid and almost com-
plete systemic absorption in the small intestine, whereas it is known
that 5-ASA works locally in the more distal intestinal mucosa.
Preferably, the release of 5-ASA from a drug formulation takes place
at the site of inflammation, i.e. distal ileum or colon, because the
effectiveness of the medication is related more to drug mucosal con-
centration than to blood concentration.”**®

To overcome the problem of the toxic carrier moiety in sulfa-
salazine and the rapid systemic absorption of 5-ASA, other diazo-
bonded mesalazine pro-drugs have been developed.

One of these pro-drugs is olsalazine, which consists of two mol-
ecules of 5-ASA linked by a diazo-bond between their amino groups.
The complex is poorly absorbed in the upper gastrointestinal tract
but in the large intestine the diazo-bond is cleaved by anaerobic and
aerobic bacteria leading to the release of two 5-ASA molecules for
every mole of olsalazine.?® In patients with an ileostomy almost all
of the olsalazine is recovered in the ileostomy fluid and 5-ASA is
not detected in the urine, suggesting that this pro-drug indeed passes
through the small intestine with minimal absorption and without
cleavage of the diazo-bond.?® These findings are supported by mul-
tiple studies which showed that the concentration of diazo-bonded
5-ASA in faeces was less than 5% of an ingested dose in nearly all
cases, which suggests an almost complete colonic diazo-reduction.'*”
The extent of olsalazine metabolism is also dependent on the transit
time; in patients with an accelerated gastrointestinal transit time the
72-h faecal recovery of olsalazine increased to 50%.'"?” The import-
ance of the duration of contact between olsalazine and microbiota
has also been demonstrated in an in vitro study which observed a
decrease in olsalazine with time and an increase in 5-ASA.2°

Balsalazide is another diazo-bonded pro-drug, which was devel-
oped in 1983 and approved in 1997 in Europe for the treatment
of UC. Balsalazide consists of 4-aminobenzoyl-beta-alanine [4-ABA]
diazo-linked to 5-ASA. This carrier is designed to be less toxic
than sulfapyridine, due to minimal absorption of this pro-moiety
after diazo-reduction in the colon, while maintaining the poor ab-
sorbability of the pro-drug in the upper gastrointestinal tract.?®
Reduction of the diazo-bond by bacterial diazo-reductase results
in the release of equimolar amounts of 5-ASA and 4-ABA. After
oral administration of balsalazide there is almost complete colonic
diazo-reduction, with less than 1% of the parent drug being excreted
renally or in faeces. Approximately 25% of its metabolites are sys-
temically absorbed and approximately 15% of these systemically
absorbed metabolites consists of 4-ABA, although plasma concen-
trations of 4-ABA are below the level of detection.? As previously
demonstrated in sulfasalazine and olsalazine, the duration of contact
with microbiota is also important for the extent of bacterial metab-
olism of balsalazide.?

In contrast to the previously described 5-ASA pro-drug diazo-
reduction, some studies have proposed a more complex mech-
anism. They suggest a more rapid azo-reduction mechanism for
sulfasalazine compared to the other pro-drugs of 5-ASA, as a lower
percentage of unchanged sulfasalazine is recovered in the faeces
compared to olsalazine and balsalazide.?*?”** This is in line with
an in vitro faecal microbial model which observed a faster rate of
sulfasalazine metabolization.?’ By contrast, Ryan et al. studied the
substrate specificity of three azoreductase-encoding genes from
Pseudomonas aeruginosa and found, depending on the gene, a
higher binding specificity for balsalazide or olsalazine compared to
sulfasalazine.’' These findings highlight a more complex mechanism
of 5-ASA pro-drug diazo-reduction and suggest that bacterial me-
tabolism of 5-ASA pro-drugs may not only be dependent on the
presence of the diazo-bond but also on enzyme substrate specificity
of the molecule surrounding this chemical bond.?

After diazo-reduction of the parent drug, 5-ASA is released in the
colon and can be acetylated by N-acetyltransferase [NAT] enzymes
in, among others, the metabolite N-acetyl-5-ASA [Ac-5-ASA].»
Whether the effective moiety is 5-ASA or Ac-5-ASA remains unclear,
although a systematic review of the efficacy of Ac-5-ASA concluded
that two out of three placebo controlled trials demonstrated that
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this metabolite is inactive.?” This acetylation into Ac-5-ASA is mainly
mediated by mucosal enzymes as incubation of colonic biopsies with
5-ASA leads to almost complete acetylation after 10 min.’> However,
after incubation of 5-ASA in faecal samples a slower and limited
acetylation was witnessed after 24 h, also suggesting that acetylation
can be mediated by faecal bacterial processes.>* These findings sug-
gest that microbiota, besides parent pro-drug reduction and the re-
lease of the active moiety, can also inactivate 5-ASA by acetylation
to a certain extent. In addition, colonic inflammation may also af-
fect the efficacy of 5-ASA therapy; in a mouse model acute colonic
inflammation diminished the capacity for 5-ASA metabolism by
impairing the expression and function of one of the NAT enzymes.*

Although other diazo-bonded oral pro-drugs with alternative
carrier molecules have been formulated in an attempt to reduce side-
effects, at present mostly drugs that combine a 5-ASA pro-drug with
pH-dependent and/or time-dependent release formulations are used
to treat UC.3*

3.3. Methotrexate

Methotrexate [MTX] was introduced in the late 1940s as an anti-
neoplastic therapy for the treatment of acute leukaemia in children
and later as treatment for solid organ cancers.”* In the late 1950s,
low-dose MTX was established as an anti-inflammatory therapy
for rheumatoid arthritis [RA], psoriatic arthritis and psoriasis, and
in 1987 the first results of intramuscular MTX therapy in patients
with refractory IBD were published.’**” MTX is now a well-known
immunomodulator that can induce and maintain remission in pa-
tients with CD and is often combined with biologicals.*** Inside
the cell MTX is polyglutamated [PG] by folylpolyglutamate synthase
[FPGS] to MTX-PG. Intracellular MTX and MTX-PG act as com-
petitive inhibitors of dihydrofolic reductase [DHFR], which ultim-
ately leads to a decrease in compounds involved in DNA and RNA
synthesis. MTX-PG can also lead to an anti-inflammatory effect by
the inhibition of 5-aminoimidazole-4-carboxamide ribonucleotide
[AICAR] transformylase, which causes accumulated adenosine to
leave the cell and bind receptors on surrounding cells.*’

One of the reasons to investigate the role of microbiota in the
metabolization of MTX was the observation that administration
of the antibiotic neomycin prior to MTX administration increased
mortality in mice. The authors concluded that a possible explanation
for this increased lethality was a decrease in intestinal flora that nor-
mally metabolizes MTX into a non-toxic form.* These findings were
supported by another animal study in which they compared the
amount of radioactivity in faeces between normal mice and germ-
free mice, both treated with intraperitoneal injected radiolabelled
MTX. They detected a higher amount of radioactivity in germ-free
mice as compared to normal mice, indicating that bacteria of the
intestinal tract probably play a prominent role in the degradation
of MTX and may be responsible for the changed MTX toxicity ob-
served during antibiotic treatment in mice.*! Another study in mice
showed in vitro that the caecal contents from mice can cleave MTX
to APA [2,4-diaminomethylpteroic acid], the major intestinal metab-
olite. This cleavage reaction is largely prevented by pretreatment of
mice with antibiotics before excision of their caecum.®

As previously mentioned, in humans, intracellular MTX is con-
verted into MTX-PG, which is poorly transported in and out of
cells. MTX-PG can be exported after removal of the polyglutamate
tail either by glutamate carboxypeptidase II or folate hydrolase
but this removal reduces its efficacy as an inhibitor of DHFR.*
This removal of glutamate entities can also be performed by a
carboxypeptidase G2 [CPG2] produced by strains of Pseudomonas

and other orthologous enzymes in bacterial species.** These en-
zymes give bacterial species the ability to metabolize and inactivate
MTX in vitro, thereby altering its efficacy. In addition to removal
of glutamate via carboxypeptidase, at least two bacterial species
are able to metabolize MTX to MTX-PG by adding glutamate to
MTX via FPGS-like enzymes.® It is unlikely that removal of glu-
tamate entities from MTX via bacterial carboxypeptidase leads to
a decreased efficacy of oral MTX, because it would not affect post-
absorption formation of MTX-PG. However, switching from oral
to parenteral administration of MTX leads to a significant increase
in [very] long-chain MTX-PGs, which are known to be more potent
inhibitors.* This suggests that the oral route may inhibit formation
of the more potent MTX-PG, possibly due to conversion of MTX
by bacterial carboxypeptidase. However, parenterally administrated
MTX can, just as with orally administrated MTX, come into contact
with the intestinal microbiota due to biliary secretion and could also
be prone to bacterial metabolism.*” This interaction between paren-
terally administrated MTX and microbiota was confirmed in mice
colonized with stool from an MTX-naive RA patient. After either
intraperitoneal injection of MTX or oral administration of MTX,
the same effect was seen in the microbiota composition, namely a
decrease in the phylum Bacteroidetes and an increase in two other
phyla, Proteobacteria and Firmicutes.*” These results confirm that,
in small laboratory animals, regardless of the administration route,
MTX comes into contact with the intestinal microbiota and could
alter its composition; however, to really elucidate the influence of
bacterial metabolism on orally and parenteral administrated MTX
more [human] studies are needed.

One study has investigated the role of the microbiota on
determining response to oral MTX in patients with RA. The authors
generated predictive models using microbiota data and were able
to differentiate between good and poor responders.*® This suggests
that the gut microbiota may contribute to interindividual variations
in pharmacokinetics and clinical outcome in patients treated with

oral MTX.

3.4. Glucocorticoids
Since the 1950s the first generation of glucocorticoids, i.e. pred-
nisolone, methylprednisolone and hydrocortisone, have been
effectively used to induce remission in IBD patients.*’ They are
well absorbed in the upper intestine and only a small fraction
is delivered to the inflamed ileum or colon.’® Due to this sys-
temic absorption, long-term administration of glucocorticoids
can cause serious systemic side effect such as oedema, osteopor-
osis, hypertension or diabetes. Therefore, the administration of
oral or intravenous first-generation glucocorticoids is generally
reserved for the treatment of severely active disease and not for
long-term maintenance therapy.’® To reduce the systemic side ef-
fects, second-generation glucocorticoids have been developed, e.g.
budesonide and beclomethasone diproprionate [BDP], which are
designed to release corticosteroids in the ileum or proximal colon,
and the budesonide Multi Matrix System [MMX], which was con-
structed to release corticosteroids in the entire colon.’! This local
release is mainly achieved by a pH-dependent coating and gives
the advantage of high topical delivery of the active compound and
a reduction in systemic side-effects due to, among other things,
first-pass metabolism in the liver. Despite these advantages there
is no increased effectiveness compared to first-generation system-
ically acting glucocorticoids.>

Due to the local release of glucocorticoids in the colon there
is a direct contact with microbiota in the colon, and studies
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have demonstrated that the intestinal microbiota plays a role in
metabolization of glucocorticoids.’>**

To determine the i vitro colonic bacterial metabolism of various
types of glucocorticoids, the amount of each glucocorticoid was
measured with high-performance liquid chromatography [HPLC] at
different time intervals after incubation in caecal contents of rats.*
Their study showed a different susceptibility toward the caecal me-
tabolism depending on the type of glucocorticoid. The concentration
of cortisone decreased most drastically and was not measurable after
4 h of incubation, while the concentration of fluocinolone acetonide
was unchanged.”® The metabolic stability of glucocorticoids ap-
pears to be dependent on their chemical structures, i.e. glucocortic-
oids with a 1,2 single bond, such as hydrocortisone and cortisone,
are very susceptible to caecal metabolism, while glucocorticoids
with substituents on the 6 and/or 9 position, such as fluocinolone
acetonide and betamethasone, are more resistant, in vitro.”> The
duration of contact between the intestinal microbiota and various
glucocorticoids is also of influence on the metabolism of these drugs.
When incubating different types of glucocorticoids in colonic con-
tents of rats, respectively 22%, 35%, 53% and 92% of cortisone,
hydrocortisone, prednisolone and dexamethasone remained after
3 h. These values decreased to 0%, 8%, 28% and 85% after 7 h
of incubation.’® This variable degradation in time depending on
the type of glucocorticoids was also observed in another in vitro
study.’® In addition, in human colonic fluid or human faecal slurry,
glucocorticoids were prone to colonic bacterial degradation.** This
bacterial degradation occurred to varying degrees depending on the
kind of glucocorticoid: prednisolone and BDP degraded significantly
faster than budesonide.’* This metabolism by the colonic microflora
could affect therapeutic availability at the target site, although in
vivo studies for this are lacking.

Additional studies are needed to elucidate the influence of the
route of administration on bacterial degradation of glucocortic-
oids, although the enterohepatic circulation is also known to be a
factor in the metabolism of glucocorticoids, so in theory also par-
enterally administrated glucocorticoids could be prone to bacterial
metabolism.%

3.5. Thiopurines
Thioguanine [TG] and the more known conventional thiopurines
azathioprine [AZA] and mercaptopurine [MP] are immunosuppres-
sive drugs initially that were developed as chemotherapeutic agents
for the treatment of acute lymphoblastic leukaemia.’” Due to their
immunosuppressive potential thiopurines were, in the late 1950s and
early 1960s, slowly introduced for the prevention of organ transplant
rejection and the management of chronic idiopathic inflammatory
diseases such as RA and IBD.’*** Today, thiopurines are important
immunomodulating agents to maintain remission in patients with
IBD, but with a relatively slow therapeutic action.®® TG, AZA and
MP are intracellularly metabolized into the same therapeutically
effective end-metabolites, the phosphorylated 6-thioguanine nu-
cleotides [6-TGNs]. Their mode of action is partly explained by the
incorporation of 6-TGN in DNA during replication.®® However, the
main immunosuppressive mode of action is due to competition with
the endogenous GTP in binding of intracellular Ras-related C3 botu-
linum toxin substrate 1 [RAC1], inducing apoptosis and impairment
of the capacity of T lymphocytes to form complexes with antigen-
presenting cells.®!

The metabolism of the ‘conventional’ thiopurines, MP and
its pro-drug AZA, is complex and requires multiple enzym-
atic steps.? Although excessive conversion to 6-TGN can cause

unwanted leukopaenia, the toxicity of conventional thiopurines
is mainly associated with the formation of potentially hepato-
toxic 6-methylmercaptopurine [6-MMP] metabolites.®* TG on the
other hand has a much less complicated metabolism. After oral
absorption, TG is rapidly transported into the cell where hypo-
xanthine phosphoribosyl transferase [HPRT] directly converts TG
into the pharmacological active 6-TGN. The competing thiopurine
S-methyl transferase [TPMT] and xanthine oxidase [XO] yield
6-methylthioguanine [6-MTG] and 6-thiouric acid [6-TUA] respect-
ively; the generation of 6-MMP is avoided in this pathway.®?

In contrast to these well-established pathways requiring systemic
conversion, Movva et al. demonstrated that the gut microbiota can
metabolize TG, and to a far lesser extent MP, to the therapeutically
effective 6-TGN.** They cultured Escherichia coli DHSa in a me-
dium containing TG or MP and after lysing the bacteria the intra-
cellularly produced 6-TGN were measured according to the method
of Dervieux et al.** They discovered that Escherichia coli DHS5a is
able to convert TG and to a minimal extent MP into 6-TGN, under-
lined by a three-fold higher 6-TGN production with TG incubation
in comparison to MP.¢*

This bacterial metabolism of TG into 6-TGN was also observed in
vitro by using Escherichia coli, Enterococcus faecalis and Bacteroides
thetaiotaomicron, which are representative gut bacteria from the
bacterial phyla Bacteroidetes, Firmicutes and Proteobacteria. After
incubation of bacterial pellets with TG, the 6-TGN were detected,
whereas incubation with MP led to minimal 6-TGN detection. This
finding of TG metabolism by bacteria belonging to different phyla
is in line with the knowledge that the critical TG metabolizing en-
zyme HPRT is present in many forms of life. This suggests that all
intestinal bacteria are able to make this conversion and implies that
individual variations in the microbiota composition of the host may
not make a large difference in the ability to locally metabolize TG,
although this has not yet been investigated.

In vivo it was shown that dextran sulphate sodium [DSS]-induced
colitis in HPRT-deficient mice improved after treatment with oral
TG and that 6-TGN metabolites were detected in their faecal slur-
ries. This suggests a local metabolization of TG due to bacterial me-
tabolism, as HPRT is the host enzyme required for the conversion
of TG in 6-TGN and an HPRT-deficient murine host is unable to
make this conversion. Consistent with the inability of the HPRT-
deficient murine host to convert TG to 6-TGN, there was no reduc-
tion in leukocyte counts in either mesenteric lymph nodes [MLNs]
or peripheral blood compartments.®® Furthermore, intrarectal treat-
ment with TG in Winnie mice rapidly led to significant improve-
ment of the colitis in the regions of the colon with direct contact to
the administrated TG. This was not the case in mice treated with
intrarectal MP.

Thus, local delivery of TG could lead to a local conversion into
6-TGN by microbial HPRT, permitting a more rapid therapeutic
action with potential avoidance of unwanted systemic adverse ef-
fects.®s Following these findings, controlled-release oral formulations
of TG are being developed and a few patients have been treated with
daily TG enemas or suppositories with a promising treatment re-
sponse and with low systemic levels of 6-TGN.

4. Discussion

The human intestinal microbiota can have a major impact on
drug metabolism and this drug-microbiota interaction could alter
the toxicity and efficacy of medication given for the treatment of
IBD. The gut microbiota can cleave the azo-bond of sulfasalazine,
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balsalazide and olsalazine and release the active moiety 5-ASA,
it has an impact on the metabolization of MTX, it can convert
TG into the pharmacologically active 6-TGN without the require-
ment of host metabolism, and glucocorticoids can be prone to
bacterial degradation. Moreover, individual patient responses to
IBD medication may [partly] be explained by the effect of the
host microbiota on the metabolism of these drugs. A better under-
standing of microbiota and medication interactions is needed and
should be an integral part of the drug development pathway of
new IBD medication.

Multiple new therapeutic compounds with oral delivery systems
are now being developed for IBD treatment. Ideally these oral medica-
tions have minimal systemic side effects and are potent and effective
at the site of inflammation. Oral therapies with pharmacodynamic ef-
fects in the colon can accomplish this, but their efficacy depends on
whether adequate drug concentrations are delivered to the site of in-
flammation. Different approaches have been previously used for site-
specific delivery to the colon with minimized proximal gastrointestinal
absorption of medication such as the use of time-controlled release
systems or by the use of a pH-sensitive coating.®” The latter approach
has been optimized in recent years and is currently being used to de-
velop ileo-colonic-targeted zero-order release tablets of budesonide
with promising in vitro results and to produce oral infliximab for the
local treatment of IBD in the ileo-colonic region.®%¢

The intestinal microbiota can also be used for a colon-specific
drug delivery system and seems to be the most site-specific approach
due to the abrupt rise in the density of colonic microbiota and asso-
ciated enzymatic activities in the lower gastrointestinal tract. There is
a pro-drug approach, where an inactive derivate of a drug molecule
requires bacterial metabolic processes in the colon to release the active
drug moiety from the drug carrier, which is the case in sulfasalazine.”
Several studies have also investigated the possibility of a pro-drug of
glucocorticoids, leading to a decrease of side effects and an increase
of therapeutic concentrations at the target site.”"”> Azo polymers or
polysaccharides can also be used as coating material over drug cores,
which can be broken down by the gut microbiota and release the en-
trapped drug in the colon.”>” Combined dual activating approaches
are also being developed to overcome the limitations of a single ap-
proach, for example by a novel coating which combined microbiota-
triggered and pH-dependent systems used to design, among others, a
once-daily 1600-mg tablet-based mesalazine preparation.”’¢ Newer
approaches for colon-targeted drug delivered are still being devel-
oped, such as a pressure-controlled drug delivery system, which uses
the difference in peristalsis in the gut, charge-based systems, ligand/
receptor-mediated drug delivery systems, nanoparticulate systems or
osmotically controlled drug delivery methods.””

This site-specific drug delivery can be used to design more stable
and effective therapeutics with a reduction of drug-related systemic
side effects. However, when applying colon-specific drug delivery
there is direct contact between microbiota in the gut and the locally
released drug, leading to a possible drug-microbiota interaction.
This interaction could alter the efficacy and toxicity of medication
which, as described before, is the case in vitro with bacterial deg-
radation of glucocorticoids. Although this has not yet been studied
in vivo, one can imagine that this metabolism by colonic microflora
could affect therapeutic availability at the target site with colonic-
specific delivery of glucocorticoids.”>* Given the development of
new IBD medications that are locally released in the colon, such as
oral infliximab, it is important that these possible interactions be-
tween microbiota and drugs are an integral part of the drug devel-
opment pathway. Inter- and intra-individual changes in microbial

diversity also need to be taken into consideration during drug devel-
opment, because the composition of the human microbiome is not
static and this could also impact the efficacy and toxicity of medica-
tion over time.”%”?

Considering the effect of the microbiota on drug metabolism,
there is also the potential to alter the microbiota to enhance the
therapeutic efficacy or decrease the toxicity of IBD medication.
Antibiotics are the most obvious category of drugs to modify the
gut microbiota, and after administration significant changes in the
microbiota composition are witnessed, but faecal microbiota trans-
plantation is also a way to modify the composition.*® The extent to
which probiotics influence the host intestinal microbiota is not yet
clear but it has been demonstrated that co-administration of colon-
targeted probiotics ameliorates the efficacy of sulfasalazine in rodent
models of colitis.®! However, before speculating on modulating the
gut microbiota as a potential target to enhance therapeutic efficacy,
there needs to be an improved understanding of the precise inter-
action between microbes and drugs and how an alteration of the
microbiota composition effects this interaction.

The human intestinal microbiota can have a major impact on
drug metabolism and a better understanding of all these interactions
between microbiota and IBD medication should be an integral part
of the drug development path. This contribution of the gut micro-
biota can be used as a precision medicine approach to design more
stable and effective therapeutics while reducing drug-related side
effects. Moreover, modulating the microbiota, e.g. by faecal micro-
biota transplantation, co-administration of antibiotics or probiotics,
could also be a potential target to enhance the therapeutic efficacy
of IBD medication.
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